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Calcium–Silicate–Hydrate (C–S–H) (B)For superior understanding of alite hydration an investigation of mechanically activated alite (M3 modiﬁcation)
was performed by XRD and heat ﬂow calorimetry. Activation resulted in reduced particle size, a decreasedmean
crystallite size and partial amorphization. For the samples of activated alite a signiﬁcantly accelerated and inten-
siﬁed hydrationwas observed and complete conversion of alite was found after 24 h. The enthalpy of reaction for
crystalline alite was determined to be−548 J/g frommeasured heat of hydration after 24 h. The enthalpy of re-
action of amorphous “alite”was found to be less exothermic (−386 J/g). Themain hydration period is controlled
by nucleation of C–S–H, while the transition from acceleration to deceleration period takes place after consump-
tion of the small alite particles. XRD amorphous C–S–H phase is indicated to precipitate in considerable amount
even in the highest activated alite before “long-range ordered”, XRD detectable C–S–H was observed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The mechanisms behind the reaction of tricalcium silicate (Ca3SiO5,
notation C3S, called alite if foreign atoms are incorporated stabilizing a
monoclinic modiﬁcation) with water are not completely understood
yet. It is well established, that the reaction products of this reaction
are portlandite (Ca(OH)2) and calcium–silicate–hydrates (notation C–
S–H). While chemical composition and crystallographic structure of
portlandite are constant, C–S–H shows variable chemical composition
and different ordering. The notation C–S–H indicates, that the Ca/Si-
ratio and the H/Si-ratio of C–S–H are evolving with the pore solution
composition during the hydration process, following fromonemetasta-
ble equilibrium to a new metastable equilibrium [1]. The mean Ca/Si-
ratio within the early hydration of C–S–H is often reported to be around
1.7 [2].
One of the most discussed issues within the cement community
is the occurrence and cause of the induction period or period of slow re-
action. There is still no consensus about the reaction path from the ﬁrst
reaction of C3S with water up to the start of the main hydration period.
An open question is, why the reaction does not start right away after
mixing. Juilland et al. [3] proposed that alite is dissolving differently de-
pending on the pore solution composition as described for other crystal-
line materials before [4]. Nicoleau [5] showed by an experimental
approach that the alite dissolution rate is strongly depending on the com-
position of the liquid phase. The dissolution rates were decreased by two
orders of magnitude when C3S was dissolved in Ca(OH)2–saturated: +49 9131 85 23734.
ld), juergen.neubauer@fau.de
. This is an open access article underwater instead of pure water. From that point of view, the induction
period is the time that is necessary to dissolve enough alite for a sufﬁcient
supersaturation of the pore solution and for the formation of stable
C–S–H nuclei.
The other commonly proposed explanation for the presence of an
induction period is, that an intermediate C–S–H phase precipitates
terminating the initial hydration period [e.g. [6–10]]. This acts as a
barrier which hinders the further progress of alite dissolution. This
metastable barrier becomes unstable at the end of the induction period
and therefore the reaction is ﬁnally starting to accelerate. There are a lot
of indications that suggest the precipitation of an intermediate C–S–H
phase [e.g. [7,8,11]]. But there is no ﬁnal proof of a continuous layer
on the surface of alite grains.
When looking at pore solution compositions, the silica concentration
in solution is increasing at ﬁrst, giving evidence of a congruent dissolu-
tion of alite. But then after a very short period of time the silica concen-
tration decreases, which must be interpreted as precipitation of C–S–H
[12,13]. NMR spectroscopic analysis demonstrated that the ﬁrst silicon
tetrahedra dimers can be found at the beginning of the acceleration pe-
riod [14,15]. Prior to that – until the end of the induction period – C–S–H
is formed, which contains only monomeric species [7]. Recently we
have shown by in-situ XRD measurements, that during hydration of
alite (M3 modiﬁcation) XRD detectable, “long-range ordered” C–S–H
(C–S–Hlro) was detected within the acceleration period [11]. Further-
more in this study it was discovered that an XRD amorphous C–S–H
precursor must have formed before C–S–Hlro precipitates.
The effects of mechanical activation of C3S were described about
50 years ago by Schrader & Schumann [16]. They investigated dry
alite samples and concluded that the crystallite size of alite was
reduced and that lattice distortions were detected — suggesting anthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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[17] found, that grinding of C3S (up to 7000 cm2/g Blaine surface)
leads to an acceleration of the main hydration period and the omission
of the commonly occurring induction period. Costoya investigated alite
mixtures with different particle size distributions, and found that the
induction period was decreased for ﬁner sized alite powders [18].
Alite material with the presumably highest reactivity was described
by Bellmann et al. [7]. Approximately 50 nm sized C3S particles were
analyzed by NMR-spectroscopy and it was supposed that a very high
amount of intermediate C–S–H phase containing only monomeric
silicon tetrahedra has formed after 5 min of hydration from this highly
reactive C3S.
Someother techniques to increase the reactivity of alitewere report-
ed before. Odler & Schüppstuhl [17] introduced defects into C3S lattice
by cooling in N2. They showed, that this treatment caused theminimum
heat ﬂow during the induction period to increase and the induction
period was shortened. In contrast, Juilland et al. [3] chose thermal treat-
ment of alite to decrease the defect density and found that the initial
dissolution rate of such alite is actually reduced and that the induction
period is prolonged.
The principal aim of this study was to achieve more analytical data
on the inﬂuence of mechanical treatment on the reactivity of alite. For
the investigation alite powder was synthesized and mechanically
activated for different times and then characterized by a combination of
heat ﬂow calorimetry and quantitative XRD phase analysis. At ﬁrst we
wanted to conﬁrm experimentally that a different intensive mechanical
treatment is leading to a differently high increase of alite reactivity. But
principally the study was aimed at allowing a better understanding of
the underlying hydration mechanisms of alite hydration.
2. Materials and methods
The monoclinic M3 form of alite was synthesized (Mg2+ and Al3+
doped Ca3SiO5) with a composition of 71.7 wt.% CaO, 25.9 wt.% SiO2,
1.8 wt.% MgO, and 0.6 wt.% Al2O3. The powders (CaCO3, SiO2, MgO
and Al2O3) were homogenized in a vibratory disk mill (agate tool),
calcinated at 1000 °C and sintered four times in a chamber furnace at
1400 °C± 30 °C in Pt crucibles in air. The alite was quenched by remov-
ing the sample from the furnace and cooling it down to room tempera-
ture within few minutes. After the ﬁnal sinter step the mixture was
ground in a vibratory disk mill (agate tool) to the desired speciﬁc sur-
face area. For its mechanical activation this alite (further called not acti-
vated alite) was ground from 1 h up to 30 h long in agate jars with
1.25 mm Y:ZrO2 balls in 40 ml ethanol by use of a planetary ball mill
from RETSCH. The load of 175 g milling balls in contrast to 10 g alite
ensured a high energy transfer on the alite powders. After the milling
process the alite–ethanol suspension was centrifuged, detached and ﬁ-
nally dried for 2 days in a vacuum drying chamber at 50 °C operated
with 20 mbar of N2 atmosphere. The drying chamber was ﬂushed 6
times with N2 within 2 days. After this drying procedure, the powders
were ground carefully in an agate mortar and sieved in order to ensure
better deagglomeration of the particles. The BET surface areas of all pro-
duced samples were determined with the measuring gas N2 with a
GEMINI Model 236 from MICROMERITICS in liquid N2. The surfaces of
the samples were cleaned by heating the samples to 350 °C under He
ﬂow for at least 4 h.
The samples then were investigated by heat ﬂow calorimetry (TAM
Air, TA INSTRUMENTS) in combination with the InMixEr (injection &
mixing device for internal preparation) which allows equilibration,
injection of water and mixing within the calorimeter cell. This experi-
mental setup enables an accurate detection of the initial heat ﬂow at
the beginning of the hydration reaction. All heat ﬂow measurements
were performed at 23 °C±0.2 °C and because of the highwater demand
of the activated alite powders at a water to solid ratio (w/s) of 1. Prior to
themeasurements the powders and liquidswere equilibratedwithin the
calorimeter in the InMixEr device (minimum2h). Themeasurementwasstarted with the injection of water andmixing of the sample for 1 min at
860 rpm in polystyrene ampoules.
The calibration of the InMixEr devicewas performedwith a 10 kΩ re-
sistor at several voltages that covered the whole range of different heat
outputs of the alite hydration. This calibration was necessary to account
for loss of heat during the measurements, which is caused by the mixing
unit of the InMixEr device. The stirring tool is made of steel to be able to
get an efﬁcient and homogeneous mixing result. The calibration showed
that the loss of heat versus induced heat ﬂow follows a linear trend over
the complete range of heat values detected for alite hydration (R2 of
0.9999997). Additionally the heat ﬂow curves were corrected for the de-
termined calorimeter time constant of 198 s and for the baseline shift.
XRD experiments were performed with a D8 Advance from
BRUKER-AXS equipped with a LynxEye detector using generator set-
tings at 40 kV and 40 mA. For determination of the phase contents
of alite and of amorphousmaterial in the dry powder themeasurements
were recorded from 7° to 80° 2Θwith step size of 0.0223° 2Θ and 0.5 s
counting time. Rietveld reﬁnements using the fundamental parameter
approach were performed with TOPAS 4.2 from BRUKER-AXSwith sub-
sequent calculation of the absolute phase quantity by use of the external
standard method [19,20]. The calibration of the factor G was performed
with NIST Silicon SRM 640d. For analysis of the dry alite samples, two
different alite phase models (data of De la Torre et al. [21]) with differ-
ent reﬁned crystallite sizes and strains (both as Lorentzian functions)
were used simultaneously to stabilize the reﬁnement.
Loss of ignition (LOI) of the dried powders due to retained ethanol
in the sample was determined at 1000 °C ± 30 °C in a chamber furnace
in Pt-crucibles in air. The above described drying method reduced the
retained ethanol to a minimum. Although the retained ethanol is not
supposed to support the alite hydration in a positive way its presence
could be avoided largely. All presented results were normalized to the
mass of reactive solid, which is the sum of crystalline and amorphous
alite. This way only the reactive part of the samples is accounted for in
thepresented results. The amount of amorphous “alite”wasdetermined
as difference to 100wt.% after subtracting the amount of crystalline alite
and LOI.
The in-situ paste XRD measurements were performed with a
custom-made heating and cooling device at a constant temperature of
23 °C ± 0.2 °C. The housing of the diffractometer was air conditioned
to 23 °C ± 2 °C. The diffractograms were recorded every 10 min from
7° to 55° 2Θ and a step width of 0.0236° 2Θ. A Kapton® polyimide
ﬁlm was used for the in-situ experiments to minimize water loss and
CO2 intake of the paste. The standard for determination of factor G
was also covered with Kapton® polyimide ﬁlm.
For the reﬁnement lattice parameter, crystallite size and strain of alite
were kept ﬁxed to the reﬁned parameters from the dry powders. The
structure model of Busing and Levy [22] was employed for portlandite.
The development and use of the PONKCS phasemodel for C–S–H in com-
binationwith the G-factor methodwere described in detail recently [11].
The PONKCS phase model for C–S–Hlro that was introduced for quantiﬁ-
cation in anot activated alite paste could also beusedunchanged for anal-
ysis of the activated alite samples. The crystallite size (as Lorentzian
function) of C–S–H was reﬁned for a ﬁxed strain of 0.1. The background
was calculated using a Chebyshev polynomial of 1st order and “hkl”
models for Kapton® polyimide ﬁlm and free water [11]. For further
data handling the resulting time-dependent phase contents were ﬁtted
with one or two 5 parameter logistic functions [23] by use of the program
Fityk [24].
3. Results
3.1. Analysis of dry activated alite powders
The results of the Rietveld reﬁnements of not activated and activated
alite samples with subsequent use of the G-factor method are shown in
Table 1. Due to mechanical activation themean crystallite size of alite is
Table 1
Quantitative data of the not activated and activated alite samples from XRD, BET, and LOI.
Activation time in h Activated alite Crystalline alite in wt.% Amorphous alite in wt.% BET surface in m2/g LOI in wt.% Crystallite size (Vol-IB) in nm Strain in %
0 Not activated 0.6 ± 0.03 0.2 ± 0.1 2562 0.02
1 99.0 ± 0.1 1.0 ± 0.2 7.8 ± 0.1 1.39 ± 0.06 328 0.13
2 × 0.5 99.1 ± 0.3 0.9 ± 0.3 8.5 ± 0.1 1.43 ± 0.04 168 0.15
2 1 94.4 ± 0.0 5.6 ± 0.2 12.5 ± 0.2 2.21 ± 0.18 98 0.18
4 × 1 90.5 ± 0.4 9.5 ± 0.6 17.6 ± 0.1 2.97 ± 0.16 85 0.20
5 2 86.8 ± 2.1 13.2 ± 2.2 19.8 ± 0.2 3.27 ± 0.07 71 0.20
10 83.3 ± 2.6 16.7 ± 2.8 26.1 ± 0.01 4.88 ± 0.20 50 0.21
20 78.8 ± 0.1 21.2 ± 0.4 31.9 ± 0.4 5.76 ± 0.30 42 0.21
30 3 75.9 ± 0.2 24.1 ± 0.3 35.2 ± 0.6 5.58 ± 0.11 36 0.21
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The signiﬁcantly lower crystallite sizes of activated alites might be
taken as an indication, that also the particle sizes of the alites are signif-
icantly decreased by mechanical activation. The determined crystallite
size generally is lower than the particle size. Only for the special case
that the particle is a single crystal then the particle and the crystallite
size are concordant.
Additionally a partial amorphization and a considerably increased
speciﬁc BET surface area of the samples are found after longer mechan-
ical activation. With increasing speciﬁc surface area we observe an in-
creased LOI, indicating that more ethanol from the grinding process
was retained. But the retained ethanol is not expected to promote the
hydration reaction.
3.2. Heat ﬂow calorimetry
The heat ﬂow curves and the heat of hydration of not activated
and three of the mechanically activated alites are plotted in Fig. 1 asFig. 1.Heat ﬂow (a) and heat of hydration (b) of not activated andmechanically activated
alites 1–3 at a w/s of 1 and 23 °C.mean values with σ from at least three independent experiments. Not
activated alite exhibits the typical four periods of hydration as described
for the alite hydration reaction [25–27]: initial period, period of slow re-
action or induction period, acceleration period and deceleration period
could be observed within 24 h of hydration. During the initial period
of not activated alite (0–1.5 h) only 2.7 ± 1.0 J/greactive solid could be
detected. This indicates, that only a very small amount of alite has
dissolved up to 1.5 h (~0.5 ± 0.2 wt.% alite).
Mechanical activation of alite leads to a strong acceleration and
intensiﬁcation of alite hydration. Stronger mechanical activation
leads to a more intense initial heat ﬂow and an earlier start of the
main hydration reaction. The main hydration period and the initial pe-
riod are completely overlapping in the case of themost activated sample
(alite 3). The period of slow reaction is dramatically shortened or disap-
pears completely with increasing alite activation. The initial heat ﬂow
maximum increases with higher activation. The heat ﬂow maxima of
themain hydration of all activated alites are strongly enhanced in com-
parison to not activated alite. The hydration reaction for all activated
alite samples is completed after about 16 h.
The values for heat of hydration of all activated samples and of not
activated alite detected within 24 h and 48 h, respectively, are shown
in Table 2. The values of all activated alites after 24 h are signiﬁcantly
higher than for not activated alite after the end of the main hydration
period. The activated alites with activation times up to 5 h arrive at
about the same total heat of hydration after 24 h, while a clear decrease
in total heat of hydration could be observed for samples with activation
times above 10 h.3.3. In-situ XRD of the alite pastes
3.3.1. Phase development
The quantitative phase developments of activated alite 1–3 pastes as
measured by in-situ XRD are shown in Fig. 2a–c. The decrease of crystal-
line alite and the increase of portlandite and C–S–Hlro as mean values of
at least three separate experiments with 1 σ are compared with the
corresponding heat ﬂow. Solid lines represent the ﬁtted graph of the
mean values for each curve that were used for further analysis (ﬁtted
with one or two 5 parameter logistic functions).Table 2
Heat of hydration of not activated and all mechanically activated alites after 24 h of hydra-
tion at a w/s of 1 and 23 °C.
Activation time in h Activated alite ΔH24 h in J/greactive solid
0 Not activated 219.0 ± 2.1 (ΔH48 h)
1 539.9 ± 2.0
2 × 0.5 540.2 ± 2.6
2 1 538.4 ± 4.7
4 543.9 ± 1.7
5 2 537.9 ± 4.8
10 521.5 ± 1.6
20 511.6 ± 11.1
30 3 499.4 ± 3.1
Fig. 2. Hydration of mechanically activated alite samples 1–3 at w/s = 1 and T = 23 °C (a–c, respectively). Comparison of heat ﬂow measured by calorimetry and phase development
detected by in-situ paste XRD. The mean values ± σ of at least three measurements are shown together with the ﬁtted curve.
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to XRD analysis of the dry powder) can be found as ﬁrst value of the
in-situ XRD experiments (time scale of ca. 2–12 min after mixing)
within the errors of analysis in all samples. Due to the presence of
more amorphous “alite” in higher activated alites the crystalline alite
content is reduced. Since crystalline alite has not been dissolved directly
after mixing and the amorphous “alite” content is increased by activa-
tion, the intensiﬁcation of the initial period with longer activation of
alite (Fig. 1) can be accounted to the hydration of the amorphous
“alite” content of the samples.
In the activated alite 1 sample (Fig. 2a) the alite content is constant
for the ﬁrst hour and then starts to decrease slowly. The dissolution in-
creases and arrives at apparently linear alite dissolution per unit of time.
After 8 h of hydration, the dissolution of alite is decelerating. The com-
plete crystalline alite has been dissolved between 14 and 16 h.
The dissolution of crystalline alite directly aftermixing in the activat-
ed alite 2 sample proceeds alike in sample 1 after ~2 h of hydration
(Fig. 2b). Crystalline alite content decreases continuously and is dis-
solved completely after 12–14 h of hydration. For hydration of activated
alite 3 (Fig. 2c), the apparently linear alite dissolution per unit of time
can already be observed within the ﬁrst hour of hydration. The dissolu-
tion kinetics for crystalline alite in sample 3 directly after mixing is alike
in sample 1 (after 3.5 h) or 2 (after 2.5 h). The deceleration of the disso-
lution of alite in sample 3 takes a little longer compared to the other
samples.
The phase development of portlandite in the higher activated alite
pastes proceeds in two main precipitation steps separated from each
other, indicating different regimes of precipitation. This can be observed
most markedly in activated alite 2 (Fig. 2b). The precipitation of
portlandite is very fastwithin theﬁrst hour, then slows down andﬁnally
is accelerated again after 2 h of hydration. The latter acceleration corre-
sponds very well in time to the dissolution of crystalline alite, whereasthe ﬁrst portlandite precipitation does not correspond to dissolution
of crystalline alite. For the highest activated alite sample 3 (Fig. 2c),
2.7± 0.5wt.% portlandite can be detectedwithin the ﬁrst diffractogram
(after 2–12 min of hydration), while no crystalline alite has been
dissolved (36.0 ± 1.1 wt.% in the paste, while 35.8 ± 0.2 wt.% would
be expected from dry powder analysis). For sample 3, the precipitation
rate of portlandite is much higher within the ﬁrst 0.5 h of hydration
than in the following time period. Later in time, the alite dissolution is
proceeding faster. So we can summarize that the early precipitation of
portlandite provides further evidence, that amorphous “alite” already
reacts before crystalline alite is starting to dissolve.
Precipitation of C–S–Hlro can always be detected signiﬁcantly later
than dissolution of crystalline alite and precipitation of portlandite. In
the activated alite 3 sample, precipitation of C–S–Hlro can be detected
within theﬁrst 0.5 h of hydration. In all samples, C–S–Hlro can be detect-
ed at the point in time, when crystalline alite is starting to show a linear
dissolution per unit of time as already reported before for not activated
alite at a w/s of 0.5 [11]. A direct comparison of the activated alite with
not activated alite by in-situ XRD at a w/s of 1 was not possible because
of sedimentation of alite particles to the bottom of the sample.
3.3.2. Precipitation of “long-range ordered” C–S–H (C–S–Hlro)
The in-situ XRD shows that high mechanical activation can lead to
complete alite dissolution in the activated alite samples within 24 h.
In Fig. 3 an in-situ XRD pattern of a hydrated activated alite 2 paste
after 24 h of hydration is presented. Alite is dissolved completely and
only portlandite and C–S–Hlro reﬂections and an increased background
from the remaining free water can be detected.
For Rietveld reﬁnement of the in-situ diffractograms the coherently
scattering domain (CSD) size of C–S–Hlro is used to ﬁt the line broaden-
ing of C–S–H reﬂections. No differentiation between crystallite size and
strain is possible due to the low time resolution from the in-situ
Fig. 3. Rietveld reﬁnement of activated alite 2 after 24 h of hydration at w/s = 1 and T = 23 °C. Alite is dissolved completely, while “long-range ordered” C–S–H, portlandite, and the
remaining free water can be detected. The background is ﬁtted with “hkl”-phases for free water and Kapton® polyimide ﬁlm and with a Chebyshev polynomial of 1st order.
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rameters is the low ° 2Θ range, where signiﬁcant C–S–H peaks are
found. The determined mean CSD sizes of C–S–Hlro of 8 ± 1 nm (as
Vol-IB) are very similar for all activated alites. A sufﬁcient amount of
C–S–H must have formed to ensure a meaningful reﬁnement outcome.
In respect of the limits of analysis, the CSD sizes do not change signiﬁ-
cantly during 24 h of hydration. The CSD sizes of C–S–Hlro remain at
very low levels, indicating that no explicit crystallite growth occurs.3.3.3. Dissolution and precipitation rates calculated from in-situ XRD
Dissolution rates of crystalline alite together with precipitation rates
of portlandite and C–S–Hlro in hydrating activated alite pastes were
calculated from the ﬁtted curves of quantitative phase analysis (Fig. 2)
recorded by in-situ XRD.
The maximum dissolution rates of crystalline alite (Fig. 4) are deter-
mined between 0.65 and 0.79 mmol/(h•greactive solid) for the different
alite samples. The maximum dissolution rates of alite are always
observed at the same point in time as themaxima of the heat ﬂowmea-
surements are occurring. The maximum dissolution rates of crystalline
alite for samples 1 and 2 are very comparable and slightly lower for
sample 3 (activated alite 3: highest amorphous content and speciﬁc
surface area). The maximum dissolution rates of crystalline alite are in
a comparable magnitude as the dissolution rates for alite reported by
Nicoleau et al. [5] at w/s ratio 10,000: 0.97 mmol/(h•g) for the dissolu-
tion of C3S-m in 20 mM Ca(OH)2 solution and 0.32 or 0.45 mmol/(h•g)Fig. 4. Dissolution rates of crystalline alite during hydration of activated alites 1–3 at
w/s = 1 and T = 23 °C as calculated from the results of in-situ XRD.for the dissolution of C3S-t2 in different priorﬁltrated C3S solutionswith
relatively low Si concentrations.
The precipitation rates of portlandite in samples 2 and 3 are
higher in the initial period than in the main hydration period (Fig. 5).
The maximum precipitation rates of portlandite for the main hydration
period in activated alites 1–3 are very close to each other at 0.91
to 0.96 mmol/(h•greactive solid). Portlandite precipitation also occurs at
times when there is no or very low crystalline alite dissolution rate.
This is the case during the initial period for samples 2 and 3 and
between 1 and 2 h of hydration in activated alite 1.
The precipitation rates of C–S–Hlro (Fig. 5) increase signiﬁcantly
later than the precipitation rates of portlandite and accordingly the
dissolution rates of crystalline alite. The maximum precipitation rate
of C–S–Hlro is comparable for all activated alite samples between 0.56
and 0.64 mmol/(h•greactive solid). The precipitation rates of C–S–Hlro
start to increase at the same time as the dissolution rates of crystalline
alite have reached values between 0.1 and 0.15 mmol/(h•greactive solid)
in the acceleration period of hydration.
For better comparison the dissolution rate of crystalline alite togeth-
er with the precipitation rates of portlandite and C–S–Hlro is shown in
Fig. 6 exemplarily for the activated alite 1 sample. The dissolution rate
of crystalline alite increases signiﬁcantly later in time than the precipita-
tion rate of portlandite. The precipitation rate of portlandite in the acti-
vated alite 1 sample increases between 1 and 2 h of hydration, which
represents the same time period when two additional maxima of heat
ﬂow are detected (Fig. 1). The precipitation rate of portlandite plottedFig. 5. Precipitation rates of portlandite and “long-range ordered” C–S–H during hydration
of activated alites 1–3 at w/s = 1 and T = 23 °C as calculated from the results of in-situ
XRD.
Fig. 6.Dissolution rate of crystalline alite, precipitation rates of portlandite (divided by fac-
tor 1.3) and “long-range ordered” C–S–H during hydration of activated alite 1 at w/s = 1
and T = 23 °C as calculated from the results of in-situ paste XRD.
Fig. 7.Calculated expected total C–S–Hphase content fromportlandite precipitation,mea-
sured “long-range ordered” C–S–H content and resulting XRD amorphous C–S–H content
in activated alite 2 paste.
207S.T. Bergold et al. / Cement and Concrete Research 76 (2015) 202–211in Fig. 6 is divided by the factor 1.3 for comparison. Provided, that the
pore solution composition, which was not measured in this study, is
not changed signiﬁcantly during the main hydration period the ratio
of dissolving alite and precipitating portlandite indicates, that about
1.3 mol portlandite precipitates from 1 mol of dissolved alite. This indi-
cates, that the mean Ca/Si of C–S–H is around 1.7 and that portlandite
and C–S–H precipitate rather synchronously within themain hydration
period. The precipitation rate of C–S–Hlro increases signiﬁcantly later
in time than dissolution rate of alite and the precipitation rate of
portlandite. The maximum precipitation rate of C–S–Hlro was found
to be lower than the maximum dissolution rate of crystalline alite.
There are two possible explanations for this. First of all, the assigned
stoichiometry of C–S–H with C1.7SH2.6 (M = 202.2556 g/mol) might
not be correct. As the Ca/Si ratio around 1.7 is a common value in liter-
ature for the early hydration of alite only the amount of water could be
erroneous. But this would only have a small effect on the above
described calculations. The more probable explanation is, that not
all C–S–H is precipitating in the “long-range ordered” structure, which
can be detected by XRD.Fig. 8. Calculated XRD amorphous C–S–H content in activated alite 1–3 paste.3.3.4. Estimation of XRD amorphous C–S–H phase content
Precipitation of C–S–Hlro could be detected signiﬁcantly longer than
dissolution of alite. From the phase development of portlandite we ob-
served two separate precipitation events, indicating that the dissolution
of amorphous “alite” is leading to the precipitation of portlandite in ad-
vance of the dissolution of crystalline alite. Hence an XRD amorphous
form of C–S–H is very likely to exist in advance to C–S–Hlro.
From the course of precipitation of portlandite and C–S–Hlro as mea-
sured by in-situ XRD we could calculate an estimated amount of XRD
amorphous C–S–H present in paste. For practical reasons both XRD
amorphous C–S–H and C–S–Hlro were assigned the same average
stoichiometry of C1.7SH2.6. Additionally we assumed that the complete
reactive solid is converted into C–S–H and portlandite after 24 h of
hydration. In Fig. 7 the overall calculated C–S–H content correlated to
portlandite precipitation, themeasured C–S–Hlro content and difference
of both, which represents the content of XRD amorphous C–S–H in
hydrating activated alite 2 paste are shown. The graph shows quite
clearly that about two third of the XRD amorphous C–S–H precipitated
before C–S–Hlro was detected. As soon as C–S–Hlro could be detected,
the precipitation rate of XRD amorphous C–S–H decreased and ﬁnally
came to an end as C–S–Hlro increased. Eventually, some of the XRD
amorphous C–S–H was consumed again within the 24 h of hydration.
In Fig. 8, the estimated development of XRD amorphous C–S–H for
activated alites 1–3 is presented. All activated alite samples showcomparable amounts of XRD amorphous C–S–H, so there is no correla-
tion between amount of amorphous C–S–H and the amount of amor-
phous “alite”. A small part of the XRD amorphous C–S–H decreased
again within the 24 h hydration process, probably by conversion into
C–S–Hlro. About 1/4 of the calculated expected C–S–H in the activated
alite samples have to be present in an XRD amorphous form. But this
was not the case for not activated alite. Such high amount of XRD amor-
phous C–S–H was deﬁnitely not indicated by the in-situ XRD analysis
[11]. Instead, the heat ﬂow calculation indicated, that the XRD amor-
phous C–S–H content has been converted to C–S–Hlro at the end of the
main hydration period. The above presented results suggest that the
high XRD amorphous C–S–H content in the samples must be due to
the highly accelerated hydration reaction in the activated alites.3.3.5. Development of the mean coherently scattering domain size of the
remaining crystalline alite during hydration
In Fig. 9 the development of the mean sizes of coherently scattering
domains (CSDs) of crystalline alite is shown with time as average ± σ.
Only values for more than 3 wt.% of alite in the paste are taken into ac-
count. For activated alite 1, the mean CSD size is unchanged up to 2 h.
Then the mean CSD sizes conduct the same way for all activated alites:
The mean CSD size increases during the acceleration period. After the
maximum of the main hydration period, the trend is reversed and the
mean CSD size decreases.
Fig. 9. Comparison between the measured heat ﬂow and the development of the sizes
of CSD of crystalline alite during hydration given as Vol-IB in nm. Filled stars at time
zero represent the CSD sizes determined in the dry reﬁnement.
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The results of the in-situ XRD analysis as well as of the heat ﬂow
calorimetry indicated that the hydration reactions of all activated alite
samples are completed within 24 h. Alite was dissolved completely
but the contents of portlandite and C–S–Hlro (Fig. 2) and also the calcu-
lated XRD amorphous C–S–H (Fig. 8) stayed unchanged in the paste be-
tween 18 and 24 h of hydration. The measured heat ﬂow was close to
0 mW/g after 18 h of hydration in all activated samples.
Therefore we can assume that the heats of hydrationmeasured after
24 h of hydration (ΔH24h) of activated alite paste represent the total
enthalpy of reaction. The ΔH24h values (Table 2) are lower for the
higher activated alite samples. This suggests that the hydration reac-
tions of crystalline and amorphous “alite” exhibit different enthalpies
of reaction.
The heat contributions of both crystalline and amorphous “alite”
sum up to the measured total enthalpy of reaction ΔH24h in every alite
sample, but in different proportions for each sample. The enthalpies
for the hydration reaction of crystalline alite (ΔHcrystalline.alite) and of
amorphous “alite” (ΔHamorphous.alite) were determined by regression
from the total heat of hydration (ΔH 24 h) over the range of amorphous
“alite” contents which were found in the activated alite samples. The soFig. 10. Calculated heat contribution for the hydration reaction of reactive solid
from amorphous “alite” (blue) and from crystalline alite (black) in dependence of the
amorphous “alite” content.derived enthalpies of reaction for the hydration of crystalline alite and
for amorphous “alite” are presented in Fig. 10. The best solution by re-
gression givesΔHcrystalline.alite= 548 J/g±5.2 J/g, andΔHamorphous.alite=
386 J/g ± 32 J/g.
3.5. Calculation of heat of hydration from crystalline alite dissolution
It was shown before, that from dissolution of crystalline alite during
hydration by in-situ XRD a “calculated” heat ﬂow curve can be derived
[11,28,29]. On the one hand it could be proven, that the main period
of alite hydration is described very well by this approach. This approach
is reasonablewhen assuming that the alite hydration is a process of syn-
chronous alite dissolution and precipitation of portlandite plus C–S–H. It
has been shown nevertheless, that the approach works although
the precipitation of XRD detectable C–S–Hlro was found not to proceed
synchronously with the alite dissolution [11].
The heat of hydration was calculated from the dissolution of crystal-
line alite measured by in-situ XRD using ΔHcrystalline.alite of−548 J/g as
determined in Section 3.4.
The comparison of calculated with the heat ﬂow measured by
isothermal calorimetry is shown in Fig. 11. The calculated heat ﬂow
describes well the period of main hydration and the point in time of
the heat ﬂow maximum. The highest deviation is found for activated
alite 1 where the maximum is shifted by 19 min to later times. But the
calculated heat ﬂow is systematically higher than the measured one.
This might be explained by slightly different reaction conditions for ca-
lorimetric and in-situ XRD experiments and was also observed for not
activated alite before when using a calculated ΔH of 561 J/g [11]. The
most obvious conclusion from Fig. 11 is that the initial heat ﬂow,
which is increasing with higher mechanical activation of alite, cannot
be assigned to the hydration of crystalline alite. Furthermore, the two
local maxima within the acceleration period of activated alite 1 cannot
be explained with the hydration of crystalline alite. This suggests that
this heat ﬂow was caused by the dissolution and reaction of the amor-
phous “alite” content of the samples.
4. Discussion
4.1. Complete reaction degree in activated alites
We suggest, that the complete dissolution of crystalline alite during
the ﬁrst 24 h can be explained by the very small particle size of the crys-
talline alites. Costoya [18] showed that for alites with fractionated par-
ticle size distributions, the main hydration reaction was intensiﬁed
with lower mean particle size, giving a higher degree of hydration forFig. 11. Comparison of the measured heat ﬂow and the heat ﬂow calculated from the dis-
solution–precipitation reaction of crystalline alite as measured by in-situ XRD.
209S.T. Bergold et al. / Cement and Concrete Research 76 (2015) 202–211smaller particles. Since the mildest mechanical activation of alite intro-
duced in this study arrived at a signiﬁcantly higher speciﬁc surface area
than the alites studied by Costoya, it is plausible that alite conversion in
our experiments is complete for activated alites. The particle size distri-
bution of the activated alites was notmeasurable by laser granulometry
due to their very small sizes. It is also not helpful to calculate a medium
particle size from the BET speciﬁc surface, because it cannot be distin-
guished between the surfaces of amorphous and crystalline alite.4.2. Standard enthalpy of alite hydration reaction
Alites that showed a complete hydration reaction within 24 h
(samples after 1 h of activation) were analyzed. For not activated alite
samples, the hydration reaction would continue for months to arrive
at a complete alite conversion. The instability of the baseline of a calo-
rimeter makes it impossible to obtain a meaningful heat of hydration
value for such long measurements. Therefore, standard enthalpies of
formation are commonly used for the calculation of the enthalpy of
reaction of alite hydration. The observed value of −548 J/g ± 5.2 J/g
for ΔHcrystalline.alite is quite close to the values calculated for the silicate
reaction following Eq. (1) of−561 J/g [11,28,29] and to the calculated
value of−544 J/g by Bellmann et al. [8] from slightly different thermo-
dynamic data.
C3S þ 3:9H2O→C1:7SH2:6 þ 1:3CH ð1Þ
The reaction of the amorphous parts of alite in the samples was
found to be signiﬁcantly less exothermic than the reaction of the crystal-
line alite. Assuming that the reaction of the amorphous “alite” resulted
in the same hydration products as the reaction of the crystalline alite
(portlandite and C1.7SH2.6), the difference in ΔH of 162 J/g would repre-
sent the decrease in standard enthalpy of formation of alite due to the
amorphization process.4.3. The main hydration period
The highest activated alite sample 3 did not exhibit higher maxi-
mum dissolution rates of crystalline alite than the other activated alites.
In this sample we could determine the highest amount of amorphous
“alite”, the highest speciﬁc surface area and the crystalline alite crystal-
liteswith the highest lattice distortion and the smallest crystallite size of
all samples. All this was not leading to higher dissolution rates for the
crystalline alite during the main hydration period of sample 3. From
this ﬁndings we conclude, that the main hydration period is not only
dominatedby the alite dissolution rate, but also bynucleation and growth
processes of one of the hydration products. As portlandite exhibits even
higher precipitation rates in the initial period than in the main hydration
period for activated alites 2 and 3, it is not likely that precipitation
obstacles of portlandite are dominating the main hydration period.
Even though different reasons for beginning and ending of the induction
period have been discussed, it is indeed well established that the main
hydration period is controlled by the precipitation of C–S–H [27].4.3.1. Initial, induction and acceleration period
Pore solution analysis of not activated alite showed that silicate
species in solution achieved their maximum during the initial period
[12,13]. Shortly afterwards, the silicate concentration signiﬁcantly de-
creased. This can only be explained by precipitation of a silicate phase.
This kind of initially precipitated C–S–H is obviously not leading to an
acceleration of the hydration reaction. On the contrary, the reaction
slowed down, resulting in the induction period. From this initially pre-
cipitated C–S–H it is known, that it contains monomeric silicate species
[7,14,15] and that it exhibits an XRD amorphous ordering. But it is un-
known, if a continuous layer around alite is formed which then causes
the beginning of the induction period.The hydration mechanism in all activated alite samples seems to
be concordant. Even the calculated XRD amorphous C–S–H content is
obviously proceeding comparably within all samples (Fig. 8). It is there-
fore unlikely that the precipitated XRD amorphous C–S–Hpresent in the
samples is hindering the further dissolution of alite by formation of a
metastable barrier covering the alite.
Considering that the alite dissolution rate is inﬂuenced by the pore
solution concentration [3,5], the precipitation of hydration products
would actually be the trigger for a faster dissolution of alite in the period
after initial heat ﬂow. In case that the hydrate phases, present at this
point in time, are not providing ideal surfaces for additional hydrate
phases to precipitate, an induction period is resulting. Then at the end
of the induction period, a different kind of C–S–H has to nucleate,
respectively the initial C–S–H has to evolve. Both effects are leading to
the start of the acceleration period.
Precipitation of C–S–Hlro could be detected within the ﬁrst 0.5 h of
hydration for activated alite sample 3. The very soluble amorphous
“alite” with very high speciﬁc surface area in combination with a crys-
talline but highly distorted alite of very small mean crystallite size
results in a very strong shift of the reaction kinetics to earlier times
(Fig. 2). Pore solution composition must be highly supersaturated
directly after mixing and a high probability is given, that within this
short period of time the type of C–S–H evolves that is offering the
ideal surface for more C–S–H to precipitate.
With the start of the acceleration period, the ﬁrst silicate dimers
were observed by 29Si NMR investigations. Intermediate C–S–H formed
before that point in time consists of monomeric silicate tetrahedra only
[7,14,15]. The formation of dimeric silicate species seems therefore to be
the crucial step for precipitation or evolution of a C–S–H-type that is
providing proper surfaces for further hydrate precipitation.
A second crucial step to such type of C–S–H seems to be the develop-
ment of a nanoparticular C–S–H with a “long-range ordered” crystal
structure. It was previously reported for not activated alite paste, that
the ﬁrst C–S–Hlro was observed during the acceleration period, i.e. be-
fore the dissolution of alite is proceeding linearlywith time [11]. The hy-
dration experiments of activated alite showed, that the point in time of
the ﬁrst detection of C–S–Hlro is well deﬁned. The C–S–Hlro precipitation
could always be observed at the same stage of hydration, namely when
the crystalline alite dissolution rate increased above 0.1–0.15 mmol/
(h•greactive solid). The occurrence of C–S–Hlro seems to control the main
hydration period as the precipitation of XRD amorphous C–S–H comes
to an end after the development of C–S–Hlro. We conclude that the
development of dimeric silicate species must be the initial step for the
development of C–S–Hlro. Amorphous dimeric precursors of C–S–H
ﬁnally lead to the end of the induction period. But the development of
a “long-range ordered” structure is an essential step for the acceleration
of the hydration reaction.
4.3.2. Transition between acceleration and deceleration period
With the introduction of the Boundary Nucleation and Growth
Model, Thomas [30] showed that the shift between acceleration and
deceleration period can be described by a nucleation and growthmech-
anism solely. Bishnoi & Scrivener [31] stated that thehindrance of grow-
ing C–S–H clusters on the same particle and impingement with nuclei
from other particles can lead to deceleration of the main hydration
period. According to Nicoleau [32,33] the deceleration can only result
from the decrease of the dissolution rate of alite due to the coverage of
the alite surfaces with C–S–H. Bullard et al. [27] stated, that in addition
to diffusion processes the factors consumption of small particles, lack of
water or lack of space might be responsible for the deceleration.
We mainly agree with the idea of Bullard et al. that the depletion of
small particles plays an important role. The results in Section 3.3.5 show
an increase of themean CSD size of alite in the acceleration period and a
decrease in the deceleration period (Fig. 9). At the beginning of the
acceleration period alite is dissolving at all available alite surfaces. The
dissolution of alite strongly depends on the necessary precipitation of
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Alites with small mean CSD size are dissolving relatively faster and the
mean CSD size of the remaining alite increases therefore. At the maxi-
mum of the main hydration period, the alites with small CSD sizes are
depleted. The acceleration of the hydration process has to come to an
end. The remaining alite surfaces available for the hydration process
are then around the larger crystallites of the residual particles. The dis-
solution of the remaining larger alite particles left in paste is then obvi-
ously leading to the deceleration of the hydration process of the
activated alite pastes.
Unfortunately, it is not possible to analyze not activated alite pastes
in the same way. This is because the CSD sizes of not activated alites are
signiﬁcantly larger, and the signiﬁcance of the CSD size values decreases
sharply for sizes far above 100 nm. The effect of higher CSD sizes on the
peak proﬁles can be disregarded compared to the effect from the instru-
mental line broadening. The ﬁnding for activated alite that hydration
decelerates after the consumption of the available small particles should
nevertheless also be valid for not activated alites.With respect to not ac-
tivated alite, all particles are smaller in the activated alites. This leads to
a more intense hydration reaction and a complete reaction turnover.
We recalculated surface and volume of the investigated not activated
alite particles from laser granulometry results by assuming spherical
particles. Only 10 vol.% of the alite particles resulted in a surface/
volume-ratio above 1.9. After dissolution of this 10 vol.% the cumulated
volume of the residual alite particles becomes higher than their cumu-
lated surface. This in consequence leads to a signiﬁcantly decreased
available alite surface. We assume that less available surface area of
alite generally is the dominating factor causing the deceleration of hy-
dration reaction.4.4. The “growth” of “long-range ordered” C–S–H (C–S–Hlro)
Amean CSD size for C–S–Hlro of 8± 1 nm (as Vol-IB) was calculated
by Rietveld analysis (Section 3.3.2). This valuemight be defective as the
crystallite size was reﬁned for a ﬁxed strain. But as stated before
by Nonat [34] C–S–H nanoparticles are not necessarily defective, so
disregarding strain is not necessarily incorrect.
The mean CSD size of C–S–Hlro is larger for the activated alites than
for not activated alite (5.5 to 6.5 nm Vol-IB in [11]). The formation of
“larger” crystallites of C–S–Hlro in the activated alites is not leading to
a higher number of reﬂections in XRD pattern than for not activated
alite (Fig. 3). C–S–Hswith large CSD sizes from supersaturated solutions
are obviously exhibitingmore reﬂections than can be observed for C–S–
Hlro. This difference is shown e.g. in Fig. 2 of Nonat [34] who is referring
to Courault [35]. The C–S–H reﬂections from hydration of a mix of C3S
and SiO2 presented by Nonat are matching the C–S–Hlro detected for
the hydration of not activated or activated alites from this study (Fig. 3).
The mean CSD size found for C–S–Hlro is in good agreement with
other experimental data. Atomic force microscopy imaging studies
described C–S–H to consist of identical, aggregated nanoscale C–S–H
particles with lamellae of 60 × 30 × 5 nm in size [34,36]. The smallest
nanoparticles of 5 nm could be identiﬁed also in small-angle neutron
scattering experiments [37]. Nano-indentation tests showed, that the
mechanical behavior of C–S–H can be describedwith a nano-sized gran-
ular material with two limited packing densities [38]. The colloid
model for C–S–H from Jennings [39] enables to describe the micro-
structure of cement paste, assuming C–S–H to be an assembly of
non-spherical globules with a cross section of 5 nm. In the light of
the different methodologies that arrive at very similar dimensions,
the results from in-situ XRD support the idea of C–S–H being a colloi-
dal material that is not undergoing a crystal growth in the same
sense as portlandite is growing. The growth of C–S–H is therefore
rather a continuous nucleation and aggregation process, while the
existing C–S–H particles provide certainly the best substrate for nu-
cleation of precipitating C–S–H nanoparticles.5. Conclusions
Themechanical activation of alite is leading to several effects: partial
amorphization of the alite powder, increase in speciﬁc surface area,
reduction of the mean crystallite sizes and enhancement of lattice
distortion in the remaining alite crystallites.
The observed hydration of such activated alitewithwaterwas strong-
ly accelerated and intensiﬁed. The initial heat ﬂowwas intensiﬁed due to
the hydration reaction of the amorphous “alite” content. The initial and
the main period of higher activated alites were superposing. The crystal-
line alite was found ﬁrstly to dissolve during the main hydration period
solely and secondly to dissolve completely within 24 h.
XRD amorphous C–S–H phase is indicated to precipitate in consider-
able amounts, before “long-range ordered” (XRD detectable) C–S–H is
observed in each activated alite sample. This is also the case, when the
“long-rage ordered” C–S–H is formed within the ﬁrst 0.5 h of hydration
as in the highest activated alite sample. This makes it unlikely, that the
XRD amorphous C–S–H is forming a metastable barrier around the
alite grains.
We conclude that the induction period is due to the time necessary
for the formation of dimeric “long-range ordered” C–S–H from mono-
meric (XRD amorphous) C–S–H. The main hydration period therefore
is controlled by the nucleation of C–S–Hlro, while the transition from
acceleration to deceleration period can be attributed to the completed
dissolution of smaller alite particles. The available alite surfaces are re-
duced to the surfaces of the remaining larger alite particles and conse-
quently the dissolution rate of alite is slowed down in concordance
with the decrease of heat ﬂow.
The reﬁnement of the coherently scattering domain (CSD) size of
XRD detectable, “long-range ordered” C–S–H showed, that C–S–H
forms nanoparticles. But CSD mean size was not increasing during the
investigation time. The formation of C–S–H is therefore assumed to
result from successive nucleation and aggregation processes.
The enthalpy of reaction for the crystalline alite hydration and the
hydration reaction of the amorphous “alite” was calculated from the
measured heat of hydration after completed hydration. The determined
value for amorphous “alite” (ΔHamorphous.alite =−386 J/g ± 32 J/g) was
found to be distinctly less exothermic than for crystalline alite
(ΔHcrystalline.alite =−548 J/g ± 5.2 J/g).Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cemconres.2015.06.005.References
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